The growth of epitaxial MnO͑100͒ and MnO͑111͒ layers on Pd͑100͒ surface has been investigated by spot-profile analysis low-energy electron diffraction, dynamic atomic force microscopy, photoemission and high-resolution electron energy loss spectroscopy, and density functional theory. We have found that despite the large lattice mismatch to the Pd͑100͒ substrate, the MnO͑100͒ layers are kinetically stabilized at low temperatures ͑ഛ350°C͒ and at oxygen pressures between 2 ϫ 10 −7 and 5 ϫ 10 −7 mbar. Annealing in ultrahigh vacuum at 650°C or, alternatively, deposition of manganese metal in oxygen pressure Ͻ1 ϫ 10 −7 mbar causes the transformation of the MnO͑100͒ to a polar MnO͑111͒ surface, which is decorated by triangular pyramids with ͑100͒ side facets. It is suggested that the growth of MnO͑111͒ layers is energetically preferred over MnO͑100͒ due to the epitaxial stabilization at the metal-oxide interface.
I. INTRODUCTION
The problem with the stability of polar ionic crystal surfaces has long been recognized [1] [2] [3] and has been the subject of intensive experimental and theoretical investigations that are discussed in recent books 4 and review articles. 5, 6 The issue arises from the divergent surface potential and nonzero dipole moment perpendicular to the surface that a bulkterminated polar surface would possess. 1 As such, understanding the stabilization mechanism of polar surfaces, even for the structurally simplest ͑111͒ surface of rocksalt metal oxides, still remains a challenge. Experimentally, bulk oxide single crystals cannot be cleaved in this direction and it is often problematic to prepare stoichiometric and structurally well-ordered oxide surfaces with low defect densities, whether by oxidation of a single crystal metal surface or by deposition of a dissimilar metal in oxygen atmosphere. From a theoretical point of view, it has been shown that the compensation of polarity occurs through an interplay of different mechanisms, such as changes of the surface electronic structure, structural reconstructions accompanied by changes in the surface stoichiometry, and interaction with the residual atmosphere ͑adsorption, hydroxylation, etc.͒. [7] [8] [9] [10] Whereas the ͑111͒ surfaces of rocksalt oxides, such as MgO, NiO, FeO, and CoO, have been intensively investigated recently, 5 both experimentally and theoretically, there is surprisingly little work done on polar MnO͑111͒ surfaces. Using a grazing incidence x-ray scattering technique, Renaud and Barbier 11 have found that the MnO͑111͒ single crystal surface is nonstoichiometric, containing a mixture of MnO͑111͒ and Mn 3 O 4 ͑111͒ phases; the latter was suggested to play a stabilizing role in compensating the polarity. Rizzi et al. have grown epitaxial MnO͑111͒ films on a Pt͑111͒ substrate and characterized their structure by x-ray photoelectron diffraction ͑XPD͒ and low-energy electron diffraction ͑LEED͒.
12, 13 The LEED and XPD data suggest a nonreconstructed MnO͑111͒ surface, which is possibly stabilized by the adsorption of OH groups, as detected in O 1s corelevel photoemission spectra. 13 In our recent density functional theory ͑DFT͒ study, 14 we investigated the ground state terminations of the MnO͑111͒ surface in thermodynamic equilibrium with an oxygen reservoir. We have found that a ͑2 ϫ 2͒ octopolar reconstructed MnO͑111͒ surface is the most stable over a wide range of oxygen chemical potentials.
In the very oxygen-rich regime stripe structures, resulting from the dissociation of cyclic ozone molecules on the Mnterminated MnO͑111͒ surface, compete in energy with the nonreconstructed O-terminated MnO͑111͒.
In this work, we have studied the stability of ultrathin manganese oxide films ͑20-30 monolayers thick͒, which have been grown by reactive evaporation of manganese in oxygen atmosphere on a Pd͑100͒ single crystal surface. The principal goal of this work was to examine the influence of lattice mismatch on the epitaxial relation of growing oxide films. We have used spot-profile analysis low-energy electron diffraction ͑SPA-LEED͒, atomic force microscopy ͑AFM͒, photoemission and high-resolution electron energy electron loss spectroscopy ͑HREELS͒, and ab initio DFT to establish the structure and morphology, the stoichiometry, and the surface orientation of manganese oxide overlayers. We find that despite the large lattice mismatch ͑ϳ14% ͒ to the Pd͑100͒ substrate, well-ordered ͑100͒ oriented MnO films can be kinetically stabilized at low temperature ͑ഛ350°C͒ and oxygen pressures between 2 ϫ 10 −7 and 5 ϫ 10 −7 mbar. However, annealing at elevated temperatures ͑ജ600°C͒ in vacuo or reactive evaporation at lower oxygen pressures ͑ϳ1 ϫ 10 −7 mbar͒ induces a transformation of the MnO͑100͒ into a MnO͑111͒ surface orientation. The MnO͑111͒ oriented layers are covered by three-sided pyramids with ͑100͒ facets as established by SPA-LEED measurements. The stability of MnO layers as a function of lattice strain has been examined by DFT. It is suggested that the driving force for this transformation is the epitaxial stabilization of the MnO͑111͒ layers at the metal-oxide interface due to a row-matching relation to the Pd͑100͒.
II. EXPERIMENT AND COMPUTATION

A. Experimental procedure
Manganese monoxide ͑MnO͒ films with a thickness of 10-30 ML ͑monolayer͒ ͑ϳ25-75 Å͒ have been grown on a clean Pd͑100͒ surface by reactive evaporation of Mn metal in an oxygen atmosphere. The Mn deposition rate was monitored by a quartz crystal microbalance and typically an evaporation rate of 1 ML min −1 was employed. The Mn oxide coverage is referred to the Pd͑100͒ surface density, with 1 ML containing 1.32ϫ 10 15 Mn atoms/ cm 2 . The substrate temperature during the oxide deposition was varied between 250 and 400°C and the oxygen pressure between 1 ϫ 10 −7 and 5 ϫ 10 −7 mbar. Following the deposition, the MnO layers were subjected to annealing treatments up to 750°C in ultrahigh vacuum ͑UHV͒.
The geometric structure and morphology of the MnO layers have been characterized by SPA-LEED and dynamic atomic force microscopy, operated in a frequency modulation mode ͑FM-AFM͒. The SPA-LEED experiments have been performed in a UHV chamber, which has been described in more detail elsewhere. 15 The transfer width of the SPA-LEED instrument is ജ1000 Å as determined with a Si͑111͒ sample. The FM-AFM measurements have been performed in a second custom-designed UHV chamber operated at a base pressure of 1 ϫ 10 −10 mbar, equipped with a commercial variable-temperature atomic force scanning tunneling microscope ͑Omicron͒, a four-grid LEED optics, an electron beam evaporator, a quartz crystal microbalance, and sample heating and cleaning facilities. The sample can be transferred with a magnetic transfer rod between the different preparation and analysis stages in the UHV chamber. The attempts to use scanning tunneling microscopy for surface imaging the MnO failed, presumably because of the insulating character of the thick MnO films. The FM-AFM measurements have been performed in a constant height mode. For imaging, commercial conductive Si cantilevers with resonance frequencies of about 300 ͑±20͒ kHz and spring constants of 20-40 N m −1 have been used. The cantilever oscillation amplitude was kept constant at a level of about 10 nm. A bias voltage ͑between −1 and +1 V͒ has been applied between the sample and the cantilever in order to minimize the accumulation of electrostatic charge during imaging.
HREELS and high-resolution x-ray photoemission spectroscopy ͑HR-XPS͒ experiments have been performed to elucidate the phonon and electronic structure of the MnO films. HREELS experiments were carried out in a an ErEELS spectrometer with a base pressure of ϳ1 ϫ 10 −10 mbar as described in detail elsewhere. 16 The HREELS measurements were performed with a primary energy of 5.5 eV, in a specular reflection geometry in = out = 60°, with a typical resolution of 5 meV as measured at the full width at half maximum ͑FWHM͒ of the reflected primary peak. HR-XPS spectra were measured at beamline I311 at the Swedish synchrotron radiation facility MAX II in Lund. The Mn 2p and Mn 3s core levels and the valence band spectra reported here were recorded with photon energies of 750, 180, and 120 eV, respectively, with a total resolution ranging from 300 to 100 meV.
B. Computational aspects
All calculations were performed using the Vienna ab initio simulation package ͑VASP͒ 17,18 within the spin polarized generalized gradient approximation of Perdew, Burke, and Ernzerhof ͑PBE͒, 19 and are based on the projector augmented-wave method. 20, 21 Well converged results were achieved using a cutoff energy of 280 eV and a 5 ϫ 5 Monkhorst-Pack k-point grid in the Brillouin zone of the primitive surface cell. To describe the localized nature of the manganese d states, we have employed the PBE+ U method using the scheme of Dudarev et al. 22 The value of U − J ͑6 eV͒ and the optimized lattice parameter ͑3.17 Å͒ of MnO were kept from our previous studies on bulk MnO. 23 The vibrational properties of bulk MnO were calculated using finite differences ͑each atom was displaced by 0.02 Å͒. For the evaluation of the phonon frequencies and of the density of states ͑DOS͒, a denser k-point grid ͑16ϫ 16ϫ 16͒ and a larger cutoff ͑600 eV͒ were used.
In order to study the relative stability of the ͑100͒ and ͑111͒ overlayers upon compression, we have also performed freestanding ͑i.e., unsupported͒ calculations on 3 ML MnO͑100͒ and MnO͑111͒ thin slabs and progressively decreased the lattice constant from the optimized value of 3.17 Å down to 2.7 Å. To feature the stability of the explored freestanding models, we have evaluated the average energy of formation per atom defined as
where E slab is the DFT total energy of the slab, n Mn and n O are the numbers of Mn and O atoms for a given overlayer, and Mn and O are the chemical potentials of Mn and O which are set to the energy of a fcc bulk Mn atom ͑␥-Mn͒ and to half of the energy of an oxygen dimer, respectively.
III. RESULTS
A. MnO(100) surface
The reactive deposition of 20-30 ML manganese in 5 ϫ 10 −7 mbar oxygen atmosphere on the Pd͑100͒ surface at 250°C, followed by a brief postannealing step in UHV up to 600°C, results in the growth of a well-ordered MnO͑100͒ layer. This is evident from the SPA-LEED image presented in Fig. 1͑a͒ , which displays sharp reflexes arranged in a square pattern on a very low background. The surface lattice constant determined from the separation of the LEED spots measures 3.14± 0.03 Å, which is identical with the ͑100͒ inplane lattice parameter of bulk MnO crystals. Figure 1͑b͒ compares line profiles across the specular ͑00͒ spot taken before ͑dots͒ and after ͑solid line͒ the UHV annealing. The FWHM of the line profile decreases with the annealing from 9.9% to 6.2% of the first Brillouin zone of MnO͑100͒, demonstrating the importance of the annealing step for improving the structural order of the MnO͑100͒ surface. The FM-AFM image ͓Fig. 1͑c͔͒ shows that the MnO͑100͒ surface is atomically flat and consists of terraces with lateral dimensions of up to 500 Å, which are separated by monatomic steps running predominantly along the main azimuthal substrate crystallographic directions. This is in line with the SPA-LEED contour plot, recorded close to out of phase conditions ͓Fig. 1͑d͔͒, which reveals a slightly anisotropic diffracted intensity distribution pointing preferably toward the ͗011͘ direction.
The MnO stoichiometry of the Mn oxide film has been confirmed by photoemission spectra taken in the Mn 2p ͓Fig. 2͑a͔͒ and Mn 3s ͓Fig. 2͑b͔͒ core-level regions. In the Mn 2p spectrum, the main lines display the well resolved doublet structure caused by local and nonlocal screening effects and both lines show ϳ6 eV charge transfer satellites ͑S͒, typical for MnO. 24 Thus, the characteristic Mn 2p profile of MnO, as observed in Refs. 25 and 26 for bulk crystals, is reproduced. The Mn 3s exchange splitting provides additional evidence for the MnO character of the 20 ML thick oxide film. The 3s splitting arises from the exchange interaction of the spin of the remaining 3s electron after the photoemission and the total Mn 3d spin and is therefore expected to be the highest in the case of MnO due to the 3d 5 high spin configuration of the Mn 2+ ion. The experimental value of 6 eV, obtained here, is entirely compatible with the MnO stoichiometry. 27, 28 Figure 2͑c͒ displays a valence band photoemission spectrum of the MnO film excited with a photon energy of 120 eV. It exhibits a broad structure extending between 1 and 8 eV, with peaks at 2.2, 3.5, and 4.9 eV, and is due to the overlapping Mn 3d and O 2p states. 29 The main spectral features are in good agreement with those published for bulk MnO samples. 26, [30] [31] [32] Figure 2͑c͒ also shows the calculated PBE+ U DOS as the dashed curve, which has been aligned with the top of the experimental valence band spectrum. The calculated DOS reproduces reasonably well the experimental spectrum and corroborates the MnO stoichiometry. We emphasize that an even better agreement between theory and experiment can be achieved by making use of more sophisticated methods such as hybrid functionals 23 or GW. 33 The characterization of the MnO͑100͒ surface is completed with the measurement of its phonon spectrum by HREELS, as shown in Fig. 2͑d͒ . It contains a main phonon loss peak at ϳ65 meV and a weak structure at ϳ48 meV ͑the peaks at 130 and 195 meV are double and triple loss structures of the 65 meV peak, respectively͒. Our HREELS spectrum agrees well with previously published data for a MnO͑100͒ single crystal surface, where a single FuchsKliewer phonon loss peak has been observed at ϳ71 meV. 34 This phonon value is also in good agreement with phonon losses reported for other rocksalt oxides, such as NiO The phonons detected by HREELS are surface analogs of the bulk optically allowed phonons. We can associate our HREELS peaks with the experimental frequencies measured by inelastic neutron scattering, 33.6-36.4 meV ͑Ref. 37͒ and 62 meV ͑Ref. 38͒, corresponding to transverse ͑TO͒ and longitudinal ͑LO͒ optical phonons, respectively. A significant difference is observed for the TO modes, which can be due to surface modifications on their complex magnetic induced anisotropic character. 33, 39 We have also performed PBE+ U finite difference calculations of the vibrational properties of the rhombohedrally distorted B1 structure of bulk MnO within an antiferromagnetic ordering. We correctly predict the anisotropic nature of the TO modes, 34.7-36.4 meV, whereas the frequency of the LO phonon is noticeably un- derestimated, 53.6 meV. However, we can account for this latter difference by making use of hybrid DFT 40 capable of a more adequate treating of exchange and correlation effects. Indeed, within the hybrid DFT scheme we obtain TO = 35.4-38.8 meV and LO = 64.1 meV. Details of the hybrid DFT calculations will be given elsewhere. 41 Clearly, the calculated phonons are connected to the two-peak HREELS structure.
B. MnO"100… \ MnO"111… transformation
Annealing above 650°C in UHV causes significant structural changes in the MnO͑100͒ overlayer, as evident from the SPA-LEED and FM-AFM images reported in Fig. 3 . In the SPA-LEED pattern ͓Fig. 3͑a͔͒, extra spots ͑indicated by arrows͒ appear and the AFM image ͓Fig. 3͑b͔͒ shows that three-dimensional ͑3D͒ islands of triangular shape form near the step edges of the MnO͑100͒ terraces. The 3D islands are flat on the top and have an average size of 1000 Å and a height of ϳ150 Å. The LEED pattern in Fig. 3͑a͒ can be interpreted as a superposition of diffraction spots from the MnO͑100͒ surface lattice and a hexagonal structure with the same lattice constant. This suggests a MnO͑111͒ lattice, which is aligned with one of the unit cell vectors along the substrate ͗011͘ direction, as schematically depicted in the real-space model in Fig. 3͑c͒ . The corresponding reciprocalspace pattern ͓including the diffraction contribution of two rotational MnO͑111͒ domains, as small black and gray circles, and of the MnO͑100͒ lattice, as large empty circles͔ is shown in Fig. 3͑d͒ and reproduces the experimental one in Fig. 3͑a͒ , suggesting that the 3D triangular islands are built up of MnO͑111͒ layers lying parallel to the Pd͑100͒ surface. This is an interesting and unexpected result, having in mind the intrinsic thermodynamic stability of the neutral MnO͑100͒ surface, which appears to be replaced by a polar MnO͑111͒ surface. Prolonged annealing at 650°C or higher temperatures increases the portion of the MnO͑111͒ islands, but a complete conversion of the MnO͑100͒ into a MnO͑111͒ phase is hindered by a significant reduction of the oxide film thickness, as evidenced by LEED ͓Pd spots, encircled in Fig.  3͑a͔͒ and XPS, presumably the result of oxide decomposition at the oxide-metal interface and migration of Mn in the Pd bulk. In order to prepare a homogeneous MnO͑111͒ surface, a different route has been followed, which involves the reactive evaporation of Mn at lower oxygen pressures and higher substrate temperatures. These results are described in the next section. Figure 4͑a͒ shows a conventional LEED pattern, taken in the UHV chamber at beamline I311-MAX-Lab, from an ϳ10 ML Mn oxide film deposited at p͑O 2 ͒ =1ϫ 10 −7 mbar at 400°C and postannealed in UHV at 550°C. The LEED reflexes now exhibit a pure hexagonal arrangement due to the MnO͑111͒ layer. The corresponding Mn 2p core-level XPS spectrum is virtually identical to that of the MnO͑100͒ surface, thus confirming the MnO stoichiometry of the ͑111͒ overlayer. The LEED image in Fig. 4͑a͒ also displays a faint streakiness, which is indicative of the presence of some faceting. The latter becomes more pronounced at higher oxide coverage of about 30 ML, as demonstrated by the SPA-LEED images taken at electron energies of 54 eV ͓Fig. 4͑b͔͒ and 70 eV ͓Fig. 4͑c͔͒. The presence of a triangularly shaped diffuse intensity around the ͑00͒ spot is notable: it expands on going from 54 to 70 eV, indicating that it is due to satellites moving in the k space as a function of the electron energy. This is a characteristic of faceting, which will be described in more detail below. Inspecting the LEED patterns at different energies reveals the presence of faint extra spots due to a ͑ ͱ 3 ϫ ͱ 3͒R30°reconstruction of the MnO͑111͒ surface ͓see, e.g., Fig. 4͑c͔͒ , which become more intense and sharp after annealing at 650°C in UHV, as shown in Fig. 4͑d͒ . The measured lattice constant is 5.45± 0.03 Å, which corresponds to ͱ 3 times the MnO͑111͒ lattice parameter. The FM-AFM images ͓see, e.g., Fig. 6͑b͔͒ show that the whole surface is covered by flat triangular MnO͑111͒ islands with lateral dimensions extending up to several thousand Å.
C. MnO(111) surface
Next, we address the faceting phenomena, mentioned above. Figure 5 shows a set of LEED line profiles taken along the ͓011͔ direction in k space at different electron energies for the MnO͑111͒ surface annealed at 650°C. Some spots ͑indicated by vertical bars͒ move toward higher scattering vectors with the increase of the electron energy, a behavior which is a clear indication of faceting. Other spots, like those indicated ͱ 3 and Pd+ ͱ 3, do not change with the electron energy and correspond to first and second order diffraction reflexes of the ͑ ͱ 3 ϫ ͱ 3͒R30°-reconstructed MnO͑111͒ surface, respectively ͓note that the first order Pd͑100͒ spots coincide with the second order ͑ ͱ 3 ϫ ͱ 3͒R30°-MnO͑111͒ spots in the ͗011͘ direction͔. In order to determine the orientation of the facets with respect to the MnO͑111͒ surface, the corresponding spot positions have been plotted in reciprocal space ͑k Ќ versus k ʈ ͒, as done in Fig. 6͑a͒ . The facet rods are inclined with respect to the ͑00͒ rod of the MnO͑111͒ surface by an angle of 53°± 3°, which is very close to the angle of 54.7°, expected between bulk ͑111͒ and ͑100͒ planes, suggesting that the facets are of ͑100͒ type. The distance between two facet rods, recorded at inphase conditions ͓scattering phases S = 3 and 4 in Fig. 6͑a͔͒ , is k = 2.03 Å −1 , which corresponds to a surface lattice constant a =2 / k = 3.10 Å in real space, a value which is compatible with both MnO͑100͒ and MnO͑111͒ surfaces. Note, however, that this simple conversion formula is only valid for lattice rods of the ͑100͒ plane, which confirms the assignment of the ͑100͒ facets. Since three such facets are possible on each side of the ͑111͒ plane, this should result in the formation of three-sided pyramids, as sketched in the inset of Fig. 6͑a͒ . The FM-AFM image ͓Fig. 6͑b͔͒ demonstrates that such pyramids are indeed present on the MnO͑111͒ surface ͓see encircled area in Fig. 6͑b͔͒ , which have a side length of up to 200 Å and a height of up to 150 Å, and coexist with the flat MnO͑111͒ areas.
IV. DISCUSSION AND CONCLUSIONS
The experimental results presented in the previous section demonstrate that well-ordered epitaxial MnO͑100͒ films can be grown on a Pd͑100͒ surface under suitable preparation conditions. This is in line with the high thermodynamic stability of the neutral ͑100͒ rocksalt oxide surface. Epitaxial growth of MnO͑100͒ layers has also been reported on a Ag͑100͒ substrate, as characterized by LEED measurements. 42, 43 How can we then rationalize the replacement of the MnO͑100͒ surface by the polar MnO͑111͒ upon annealing at high temperatures in UHV? The MnO͑111͒ surface is covered by MnO pyramids, which expose neutral ͑100͒ facets with the lowest surface energy. However, the faceting argument alone cannot explain the shift of the energetic balance in favor of the MnO͑111͒ surface. To understand this result, we need to take into account the strain energy at the metal-oxide interface, which is determined by the lattice matching conditions. The MnO͑100͒-Pd͑100͒ interface is characterized by a large lattice mismatch of ϳ14% along the ͓011͔ rows ͓Fig. 7͑a͔͒, whereas for the MnO͑111͒-Pd͑100͒ interface in one direction the lattice mismatch is only ϳ1%, which results in an almost perfect row matching along the ͓011͔ rows, as illustrated in Fig. 7͑b͒ . This lowers the energy of the MnO͑111͒-Pd͑100͒ interface and stabilizes the formation of the MnO͑111͒ overlayer. We therefore argue that the MnO͑100͒ layers observed at low temperatures are only kinetically stabilized on Pd͑100͒ by the low energy of the ͑100͒ surface.
In order to corroborate this argument, we have performed DFT calculations aiming to study the relative stability of freestanding MnO͑100͒ and MnO͑111͒ thin layers upon lattice compression. Figure 7͑c͒ illustrates the lattice constant dependent variation of the energy of formation E f for MnO ͑100͒ and ͑111͒ thin slabs. Although the ͑100͒ termination remains the most stable one in the whole range of variation of the lattice constant a, the curves show that there is a clear tendency of MnO͑111͒ to gain stability with respect to MnO͑100͒ layers upon compression, i.e., when the MnO bulk lattice is forced to match the Pd one, the energy difference ⌬E f = E f ͑111͒ − E f ͑100͒ decreases by a factor of 2.5 with respect to that calculated for a = a MnO .
The phenomenon of epitaxial stabilization of thin films is quite common and is also well documented for oxide materials. In Ref. 44 , a rich body of experimental evidence has been reviewed, demonstrating that oxide phases, which are metastable in the bulk equilibrium phase diagram, can be stabilized due to the formation of coherent interfaces on suitably chosen substrates. The results obtained here show that when considering the stabilization mechanism of polar surfaces of oxide films, the metal-oxide interface can play an important role. The epitaxial stabilization mechanism may also allow the design of oxide surface orientations in thin films that are not stable in bulk form. These oxide phases may have interesting implications in the application of ultrathin oxide films in diverse areas of modern high technology.
With increasing the oxide layer thickness, the formation of the ͑100͒ faceted pyramids on top of the MnO͑111͒ surface provides an additional channel for minimizing the total energy: the MnO͑100͒ surface is energetically the most favorable one, but for the MnO͑100͒ facets on MnO͑111͒ no lattice mismatch exists. Similar ͑100͒ faceted pyramids have been recently observed with AFM by Mocuta et al. 45 on NiO͑111͒ films supported on an ␣-Al 2 O 3 ͑0001͒ surface.
The structure of the ͑ ͱ 3 ϫ ͱ 3͒R30°-reconstructed MnO͑111͒ surface is the subject of ongoing experimental and theoretical work. Interestingly, ͱ 3-reconstructed surfaces are also observed on MgO͑111͒ surfaces, 46, 47 and different models, involving cyclic ozone groups 46 or Mg vacancies, 47 have been proposed, but no definitive conclusions have yet been reached.
